Previous studies revealed that synaptotagmin 1 is the major Ca 2؉ sensor for fast synchronous transmitter release at excitatory synapses. However, the molecular identity of the Ca 2؉ sensor at hippocampal inhibitory synapses has not been determined. To address the functional role of synaptotagmin 1 at identified inhibitory terminals, we made paired recordings from synaptically connected basket cells (BCs) and granule cells (GCs) in the dentate gyrus in organotypic slice cultures from wild-type and synaptotagmin 1-deficient mice. As expected, genetic elimination of synaptotagmin 1 abolished synchronous transmitter release at excitatory GC-BC synapses. However, synchronous release at inhibitory BC-GC synapses was maintained. Quantitative analysis revealed that elimination of synaptotagmin 1 reduced release probability and depression but maintained the synchrony of transmitter release at BC-GC synapses. Elimination of synaptotagmin 1 also increased the frequency of both miniature excitatory postsynaptic currents (measured in BCs) and miniature inhibitory postsynaptic currents (recorded in GCs), consistent with a clamping function of synaptotagmin 1 at both excitatory and inhibitory terminals. Single-cell reverse-transcription quantitative PCR analysis revealed that single BCs coexpressed multiple synaptotagmin isoforms, including synaptotagmin 1-5, 7, and 11-13. Our results indicate that, in contrast to excitatory synapses, synaptotagmin 1 is not absolutely required for synchronous release at inhibitory BC-GC synapses. Thus, alternative fast Ca 2؉ sensors contribute to synchronous release of the inhibitory transmitter GABA in cortical circuits.
Previous studies revealed that synaptotagmin 1 is the major Ca 2؉ sensor for fast synchronous transmitter release at excitatory synapses. However, the molecular identity of the Ca 2؉ sensor at hippocampal inhibitory synapses has not been determined. To address the functional role of synaptotagmin 1 at identified inhibitory terminals, we made paired recordings from synaptically connected basket cells (BCs) and granule cells (GCs) in the dentate gyrus in organotypic slice cultures from wild-type and synaptotagmin 1-deficient mice. As expected, genetic elimination of synaptotagmin 1 abolished synchronous transmitter release at excitatory GC-BC synapses. However, synchronous release at inhibitory BC-GC synapses was maintained. Quantitative analysis revealed that elimination of synaptotagmin 1 reduced release probability and depression but maintained the synchrony of transmitter release at BC-GC synapses. Elimination of synaptotagmin 1 also increased the frequency of both miniature excitatory postsynaptic currents (measured in BCs) and miniature inhibitory postsynaptic currents (recorded in GCs), consistent with a clamping function of synaptotagmin 1 at both excitatory and inhibitory terminals. Single-cell reverse-transcription quantitative PCR analysis revealed that single BCs coexpressed multiple synaptotagmin isoforms, including synaptotagmin 1-5, 7, and 11-13. Our results indicate that, in contrast to excitatory synapses, synaptotagmin 1 is not absolutely required for synchronous release at inhibitory BC-GC synapses. Thus, alternative fast Ca 2؉ sensors contribute to synchronous release of the inhibitory transmitter GABA in cortical circuits.
GABAergic interneurons ͉ basket cells ͉ hippocampus ͉ Ca 2ϩ sensor G ABAergic interneurons of the basket cell subtype (BCs) play a key role in neuronal network function. These interneurons control the average activity level in principal neurons via fast feed-forward and feedback inhibition (1) and are involved in the generation of network oscillations in the ␥-frequency range (2) . BCs receive a fast excitatory synaptic input, which allows them to detect coincident activity of principal neurons (3) . Furthermore, BCs generate rapid inhibitory output signals in their target cells (4) . Previous studies revealed that transmitter release at BC output synapses is exclusively mediated by P/Q-type Ca 2ϩ channels (5, 6 ) and that these Ca 2ϩ channels are tightly coupled to the Ca 2ϩ sensors of exocytosis, with coupling distances of 10-20 nm (7) . Tight coupling contributes to fast signaling, increasing the speed and temporal precision of transmitter release.
Expression of specialized Ca 2ϩ sensors of exocytosis may also contribute to the speed and temporal precision of synaptic transmission. However, the synaptic Ca 2ϩ sensors that mediate glutamatergic BC input and GABAergic BC output have not yet been identified. At several synapses, synaptotagmin 1 is essential for fast transmitter release (8) (9) (10) (11) . Genetic elimination of synaptotagmin 1 abolishes synchronous release in both glutamatergic and GABAergic synapses in culture (12) (13) (14) (15) (16) . Furthermore, mutations in the C2A Ca 2ϩ -binding domain of synaptotagmin 1 induce parallel changes in the affinity of Ca 2ϩ binding and the Ca 2ϩ sensitivity of transmitter release (17, 18) . Synaptotagmins represent a highly diverse protein family, comprising 15 isoforms in rats and mice (9) . The functional role of the other synaptotagmins has remained unclear. Synaptotagmins are differentially expressed in central neurons (16, 19, 20) and differ in kinetic properties (21) . Thus, it is possible that differential expression of synaptotagmins determines the time course of transmitter release and the proportion of synchronous and asynchronous release at different synapses (6, (22) (23) (24) . However, this hypothesis has not been directly tested.
To examine the functional contribution of synaptotagmin 1 to both excitatory input synapses and inhibitory output synapses of interneurons, we compared synaptic transmission at excitatory granule cell-basket cell (GC-BC) synapses and inhibitory basket cell-granule cell (BC-GC) synapses in the dentate gyrus between wild-type and synaptotagmin 1-deficient mice. Because the synaptotagmin 1-deficient mice die within 48 h after birth (14) , experiments were performed in organotypic slice culture (25) . We found that synaptotagmin 1 is essential for fast transmitter release at excitatory GC-BC synapses but not at inhibitory BC-GC synapses.
(EPSCs) and inhibitory postsynaptic currents (IPSCs) were maintained in organotypic slices ( Fig. S2 and Table S1 ) (3, 4) .
To examine the contribution of synaptotagmin 1 to excitatory and inhibitory synaptic transmission, we compared the functional properties of GC-BC and BC-GC synapses in synaptotagmin 1-deficient mice with those in wild-type animals ( Fig. 1) . As originally reported for excitatory synapses between dissociated cultured neurons (14) , genetic elimination of synaptotagmin 1 abolished synchronous transmitter release at excitatory GC-BC synapses ( Fig. 1 A and B) . In synaptotagmin 1-deficient mice, single APs in the presynaptic GC failed to evoke synchronous EPSCs in the postsynaptic BC, whereas 50-Hz trains of 10 APs evoked a series of asynchronous EPSCs, resulting in a slowly rising and decaying average current (Fig. 1B) . The synaptic connection probability between GCs and BCs was identical in wild-type and knockout mice (36% in both cases, 23 of 64 pairs versus 8 of 22 pairs connected), suggesting that the lack of synchronous release was not caused by abnormal connectivity in synaptotagmin 1-deficient mice. These results show that synaptotagmin 1 is essential for synchronous glutamate release at an identified principal neuron-interneuron synapse, as reported previously for other glutamatergic synapses (14, 28) .
In contrast, genetic elimination of synaptotagmin 1 did not abolish synchronous transmitter release at inhibitory BC-GC synapses ( Fig. 1 C and D) . In synaptotagmin 1-deficient mice, both single APs and 50-Hz trains of 10 APs evoked synchronous IPSCs in the postsynaptic GC with short latency (Fig. 1 C and D) . As observed for GC-BC pairs, the synaptic connection probability was similar in wild-type and knockout mice (59%, 22 of 37 pairs versus 48%, 28 of 58 pairs connected). These results show that synaptotagmin 1 is not absolutely required for synchronous transmitter release at inhibitory BC-GC synapses.
Elimination of Synaptotagmin 1 Reduces Release Probability and Multiple-Pulse Depression but Maintains Synchrony of Release at
Inhibitory BC-GC Synapses. We next compared the properties of synaptic transmission at inhibitory BC-GC synapses between wildtype and synaptotagmin 1-deficient mice ( Fig. 2 A and B) . The mean amplitude of evoked IPSCs (including failures) was significantly different between wild-type (688 Ϯ 142 pA) and knockout synapses (455 Ϯ 92 pA; 22 and 28 pairs; P Ͻ 0.05). To assess whether the difference was generated presynaptically, we examined the number of failures and the coefficient of variation. The percentage of failures was 1 Ϯ 1% in wild-type synapses but 5 Ϯ 1% in synaptotagmin 1-deficient synapses (P Ͻ 0.005; Fig. 2 A) . Likewise, the coefficient of variation of the IPSC peak amplitude (defined as the standard deviation divided by the mean) was 0.29 Ϯ 0.03 in wild-type synapses but 0.53 Ϯ 0.04 in knockout mice (P Ͻ 0.001; Fig.  2 A) . To distinguish between a difference in the number of release sites and the probability of transmitter release, we further examined the skewness of the IPSC amplitude distribution in the two conditions. The skewness of the IPSC peak amplitude was Ϫ0.16 Ϯ 0.11 in wild-type cultures versus 0.28 Ϯ 0.08 in knockout cultures. This shift from a left-skewed to a right-skewed amplitude distribution was consistent with a reduction in release probability (P Ͻ 0.005; Fig. 2 A) . Taken together, these results indicate that genetic elimination of synaptotagmin 1 leads to a reduction in the probability of synchronous transmitter release at inhibitory BC-GC synapses.
Furthermore, we examined whether the genetic elimination of synaptotagmin 1 alters synaptic dynamics during repetitive stimulation at inhibitory BC-GC synapses (Fig. 2B) . In wild-type synapses, a 50-Hz train of 10 APs induced robust depression with a rapidly decaying component, followed by a more sustained component, as shown previously in acute slices (4) . On average, the ratio of peak amplitudes of IPSC 10 over IPSC 1 in the train was 0.19 Ϯ 0.02 (10 pairs). In contrast, in synaptotagmin 1-deficient mice, the same paradigm led to less profound and more variable depression; the average ratio of IPSC 10 over IPSC 1 was 0.54 Ϯ 0.05 (12 pairs; P Ͻ 0.002). Thus, genetic elimination of synaptotagmin 1 significantly reduced fast depression at inhibitory BC-GC synapses.
Finally, we made a quantitative comparison of the synchrony of transmitter release at inhibitory BC-GC synapses between wildtype and synaptotagmin 1-deficient mice ( Fig. 2 C and D) . To accurately measure the time course of release, we reduced release probability by reducing the Ca 2ϩ /Mg 2ϩ concentration ratio in the bath solution. We measured the distribution of latencies to the onset of the first IPSC in each trace and subsequently converted it into the time course of release (see Methods). On average, the IPSC latency was almost identical, 1.41 Ϯ 0.08 ms in wild-type mice (five pairs) and 1.47 Ϯ 0.15 ms in synaptotagmin 1-deficient mice (four pairs; P Ͼ 0.5). To further analyze the shape of the time course of release, data were horizontally aligned to the peak release rate for each cell and averaged across cells. The decay was fitted with a single exponential function, which gave time constants of 0.33 ms in wild-type synapses and 0.28 ms in knockout synapses (P Ͻ 0.05). Thus, the high synchrony of transmitter release at the inhibitory BC-GC synapse was preserved, or even slightly enhanced, after genetic elimination of synaptotagmin 1.
Effects of Synaptotagmin 1 Elimination on Synchronous and Asyn-
chronous Release at Excitatory and Inhibitory Terminals. Synaptotagmins have been proposed to act either as triggers (14) or synchronizers (28, 29) of transmitter release. To distinguish between these possibilities, we quantified the amount of synchronous and asynchronous release during and after 50-Hz trains of 10 APs by deconvolution (6, 30, 31) (Fig. 3) .
For excitatory GC-BC synapses in wild-type mice, the quantal content for synchronous release for a 50-Hz train of 10 APs was 10.7 Ϯ 1.9, whereas the quantal content for asynchronous release was 4.2 Ϯ 2.3 during the train and 4.4 Ϯ 3.0 after the train (10 pairs). For excitatory GC-BC synapses in synaptotagmin 1-deficient mice, the number of synchronously released quanta for the AP train was Ϸ0 (Ϫ0.3 Ϯ 0.4), whereas the number of asynchronously released quanta was 6.8 Ϯ 2.3 during the train and 10.0 Ϯ 3.6 after the train (eight pairs; Fig. 3 A-C) . Thus, elimination of synaptotagmin 1 abolished synchronous release at excitatory GC-BC synapses (P Ͻ 0.001), whereas asynchronous release during and after the train were not significantly changed (P Ͼ 0.4 and P Ͼ 0.1, respectively).
For inhibitory BC-GC synapses in wild-type mice, the quantal content for synchronous release for a 50-Hz train of 10 APs was 51.0 Ϯ 13.8, whereas the quantal content for asynchronous release was 18.8 Ϯ 6.3 during the train and 4.5 Ϯ 2.0 after the train (nine pairs). For inhibitory BC-GC synapses in synaptotagmin 1-deficient mice, the number of synchronously released quanta for the AP train was 21.9 Ϯ 4.1, whereas the number of asynchronously released quanta was 11.7 Ϯ 2.4 during the train and 6.9 Ϯ 1.9 after the train (nine pairs; Fig. 3 D-F) . Asynchronous release both during and after the train was not significantly affected at knockout synapses (P Ͼ 0.5). These results may argue against a synchronizing function and are more consistent with a trigger function of synaptotagmin 1.
Increase in Miniature EPSC and IPSC Frequency in Synaptotagmin
1-Deficient Mice. Synaptotagmins have been proposed to act as ''fusion clamps,'' providing inhibitory control of spontaneous transmitter release (32) . To address this possibility at identified synapses, we examined the amplitude and frequency of miniature EPSCs (mEPSCs) in BCs and miniature IPSCs (mIPSCs) in GCs after blocking APs with 1 M tetrodotoxin (TTX) (Fig. 4) . For both mEPSCs and mIPSCs, the kinetic parameters of the template used for detection were chosen to mimic the kinetics of evoked synaptic events to maximize the likelihood that evoked and miniature postsynaptic currents (PSCs) were generated at the same synapses. Our results indicate that synaptotagmin 1 is essential for synchronous transmitter release at excitatory GC-BC synapses but is not at inhibitory BC-GC synapses, where another Ca 2ϩ sensor appears to be involved. To identify molecular candidates for such an alternative Ca 2ϩ sensor, we analyzed the expression of several synaptotagmins in parvalbumin-expressing BCs in acute slices by single-cell RT-qPCR analysis (Fig. 5) . RT-qPCR analysis revealed that single BCs coexpressed multiple synaptotagmins. In addition to synaptotagmin 1, subpopulations of BCs expressed synaptotagmins 2, 3, 4, 5, 7, 11, 12, and 13 (16 cells; Fig. 5 A and B) . To link the analysis of expression pattern and synaptic function more directly, we also tested the expression of selected synaptotagmin isoforms in organotypic cultures from wild-type and knockout animals. RT-qPCR analysis confirmed that synaptotagmin 1 was present in both BCs and GCs from wild-type cultures (five and nine cells, respectively) but was missing from knockout cultures (five BCs and seven GCs). The expression level of the other synaptotagmins was similar between wild type and knockout, except for synaptotagmin 2, which was detected in all BCs of the knockout but only in a fraction of wild-type BCs. In contrast, neither wild-type nor knockout GCs were found to express synaptotagmin 2. Thus, our results suggest that BCs coexpress multiple synaptotagmins that may act as alternative Ca 2ϩ sensors at inhibitory BC-GC synapses. For further details, see Tables S3 and S4 .
Discussion
Here, we examined the functional role of synaptotagmin 1 in transmitter release from identified excitatory and inhibitory synapses in the hippocampus. Analysis of identified synapses is particularly important for inhibitory synapses, which markedly differ in functional properties, depending on the presynaptic interneuron subtype (6) . The main finding is that the excitatory input and the inhibitory output of BCs depend differentially on synaptotagmin 1 (Table S1 and Fig. S3 ).
Our results show that synaptotagmin 1 is not absolutely required for fast transmitter release at GABAergic synapses. However, deletion of synaptotagmin 1 increased the proportion of failures, increased the coefficient of variation, and increased the skewness of BC-GC IPSCs, consistent with a reduction in release probability (Fig. 2 A) . Thus, synaptotagmin 1 is involved in fast transmitter release, although it is not the only Ca 2ϩ sensor at this synapse.
Single-cell RT-qPCR analysis revealed multiple candidates for alternative Ca 2ϩ sensors in BCs. In addition to synaptotagmin 1, BCs expressed synaptotagmin 2, 3, 4, 5, 7, 11, 12, and 13 ( Fig. 5) . Several results may be consistent with the hypothesis that synaptotagmin 2 is the alternative Ca 2ϩ sensor at the BC-GC synapse. First, synaptotagmin 2 mRNA was detected in 30/40% of BCs in wild-type animals (rats and mice, respectively) and in 100% of BCs in synaptotagmin 1-deficient mice. Second, recombinant expression of synaptotagmin revealed that synaptotagmin 2 can act as a fast Ca 2ϩ sensor and functionally replace synaptotagmin 1 (16) . Finally, expression of synaptotagmin 2 mRNA and protein was previously demonstrated in scattered neurons in the hilus (20, 33) and immunolabeling with the antibody znp-1 (presumably recognizing synaptotagmin 2) was found in presynaptic terminals located on somata of CA1 hippocampal pyramidal neurons (34) .
However, it is possible that other synaptotagmins form the alternative Ca 2ϩ sensor in BCs. As a single synaptic vesicle contains Ϸ15 synaptotagmin molecules (35) , the formation of heterooligomeric assemblies may be an additional complication. Finally, we cannot exclude that an entirely different protein triggers release at the BC-GC synapse in knockout mice, as recently suggested for auditory hair cells (36) and the calyx of Held (37) .
Genetic elimination of synaptotagmin 1 markedly reduced synaptic depression at the inhibitory BC-GC synapse (Fig. 2B) . One possible explanation is that this effect on depression was indirect, arising as a consequence of the reduction in release probability. However, this is unlikely, because reduction of release probability by change of the extracellular Ca 2ϩ concentration has only subtle effects on depression at this synapse (4). Another possibility is that the marked increase in the frequency of mIPSCs from Ϸ1 Hz to Ϸ9 Hz leads to a partial depression of transmitter release, such that the depression of evoked release became partially occluded. However, this hypothesis is incompatible with divergence and convergence in BC-GC microcircuits (38) . If the dentate gyrus contains Ϸ20,000 BCs and Ϸ1,000,000 GCs, and if a BC contacts Ϸ2,500 GCs, a GC would receive convergent input from Ϸ50 BCs. Thus, the mIPSC frequency of Ϸ10 Hz observed in the synaptotagmin 1-deficient mice would correspond to only Ϸ0.2 Hz per synaptic connection. With a time constant of recovery from depression of Ϸ2 s (at 34°C) (4), this provides sufficient time for recovery from depression.
An alternative explanation for the reduced synaptic depression in the synaptotagmin 1 knockout mouse is that the readily releasable pools of synaptic vesicles in BC terminals consist of two subpools, which correspond to the two phases of synaptic depression (4) . In this scenario, the first pool depresses rapidly and depends on synaptotagmin 1. In contrast, the second pool depresses slowly and is independent of synaptotagmin 1, but depends on another Ca 2ϩ sensor. A similar scenario was reported in chromaffin cells, in which genetic elimination of synaptotagmin 1 eliminated release from the readily releasable pool of dense-core vesicles but left release from the slowly releasable pool unaffected (39) . Likewise, in the calyx of Held, a fast and a slow vesicular pool can be distinguished. Both positional heterogeneity [i.e., heterogeneity in the distance between Ca 2ϩ source and Ca 2ϩ sensor (40)] and intrinsic heterogeneity [i.e., heterogeneity in the sensitivity of the Ca 2ϩ sensor (41)] may contribute to the distinct properties of the two pools. Whether fast and slow pools at the calyx of Held depend on different synaptotagmin isoforms, however, remains to be determined.
How synaptotagmins contribute to synchronous transmitter release has remained enigmatic. According to one view, synaptotagmins are positive regulators of exocytosis, acting as triggers for vesicle fusion. This view is supported by the original observation that genetic elimination of synaptotagmin 1 selectively abolished synchronous release, but left asynchronous release unchanged (14, 15) . This would be consistent with a model in which synaptotagmin 1 triggers synchronous release, whereas another Ca 2ϩ sensor triggers asynchronous release. However, other studies suggested that synaptotagmin synchronizes release rather than controlling the total amount of release, leading to a redistribution between early and late release phases after an AP (28, 29) . We found that the amount of asynchronous release at excitatory GC-BC synapses was only slightly increased, whereas the amount of asynchronous release at inhibitory BC-GC synapses was slightly reduced in synaptotagmin 1-deficient mice, with none of the differences being statistically significant with the nonparametric tests used (Fig. 3) . Thus, our results may be more consistent with a trigger than with a synchronizing function. It was also suggested that synaptotagmins are negative regulators of exocytosis, acting as ''clamps'' that prevent the spontaneous fusion of primed vesicles. Our results clearly show a marked increase in the frequency of both mEPSCs and mIPSCs in knockout mice (Fig. 4) . Because the synaptic connection probability was comparable between wild-type and synaptotagmin 1-deficient mice, it is unlikely that this increase in miniature PSC frequency is caused by a change in synaptic connectivity. The origin of the miniature PSCs is unknown. However, it is likely that a large subset of events were generated at GC-BC and BC-GC synapses, respectively, because templates with kinetic parameters that mimicked those of evoked PSCs were used for detection. Thus, our results suggest that at both excitatory GC-BC synapses and inhibitory BC-GC synapses, synaptotagmin 1 has both a trigger function for evoked release and a clamp function for spontaneous release. The clamp function of synaptotagmin could be direct or indirect. For example, synaptotagmin may alter binding of complexins to the SNARE complex (32) .
Our results suggest that the effects of synaptotagmin 1 elimination on evoked and spontaneous transmitter release are not strictly parallel. At excitatory GC-BC synapses, elimination of synaptotagmin 1 may have more dramatic effects on synchronous evoked release than on miniature release. In contrast, at inhibitory BC-GC synapses, deletion of synaptotagmin 1 may have stronger effects on miniature release than on synchronous evoked release. This would imply that the remaining non-synaptotagmin-1 sensors have a weaker clamping efficacy than synaptotagmin 1 itself (Fig. S3) .
Previous studies revealed that several molecular specializations converge on rapid signaling in BC output synapses. First, BCs exclusively use P/Q-type Ca 2ϩ channels to initiate transmitter release (6) . Because P/Q-type Ca 2ϩ channels activate and deactivate very rapidly (42) , this specialization will contribute to the high speed of synaptic transmission. Second, Ca 2ϩ channels and Ca 2ϩ sensors of exocytosis are tightly coupled at BC output synapses, leading to a fast and temporally precise local Ca 2ϩ transient at the sensor (7) . Finally, as shown in the present article, BC output synapses use alternative Ca 2ϩ sensors in addition to synaptotagmin 1. Measurements of synaptotagmin-liposome disassembly kinetics with fluorescence resonance energy transfer indicated that among all synaptotagmins, synaptotagmin 1, 2, and 3 have fast Ca 2ϩ -unbinding rates (21) . Furthermore, experiments on transfected neurons in culture revealed that synaptotagmin 1, 2, and 5 can support fast transmitter release, with synaptotagmin 2 generating the fastest time course (16) . Because synaptotagmin 2, 3, and 5 are expressed in BCs, these results are consistent with the idea that alternative, non-synaptotagmin-1 Ca 2ϩ sensors may contribute to the high speed of transmission at BC output synapses and, hence, to the rapid time course of feed-forward and feedback inhibition in the hippocampus (1).
Methods
Details of the methods are specified in SI Text. In brief, Stoppini-type interface organotypic slice cultures (25) were prepared from the brains of wild-type or synaptotagmin 1 knockout newborn mice (14) and examined after 16 -29 days in vitro. Evoked PSCs were studied by using paired recordings from BCs and GCs in the dentate gyrus (3, 4) . Miniature PSCs were recorded in BCs and GCs in the presence of 1 M TTX. The recording temperature was Ϸ24°C. Singlecell expression analysis was performed by using reverse transcription, followed by a multiplex PCR and quantitative PCR (RT-qPCR) (27) . Evoked PSCs were analyzed as described previously for synapses in acute slices (3, 4, 6) . Data are given as mean Ϯ SEM. Statistical significance was assessed using nonparametric tests. (1) were prepared from the brains of wild-type (ϩ/ϩ) or synaptotagmin 1 knockout (Ϫ/Ϫ) newborn mice (strain: B6,129S-Syt1 tm1Sud /J; The Jackson Laboratory). Wildtype and knockout mice were taken from the same mouse colony, typically from the same litters. Animals were killed by decapitation, in agreement with national and institutional guidelines. The hippocampus, still attached to the entorhinal cortex, was removed and placed in cold Hanks' balanced salt solution (HBSS; Invitrogen) under sterile conditions. Slices of 300-m thickness were cut perpendicularly to the longitudinal axis of the hippocampus with a McIllwain tissue chopper and placed on microporous membrane inserts (Millipore). Slices were maintained with culture medium, consisting of 50% minimum essential medium, 25% horse serum, 25% basal medium Eagle, 2 mM glutamax and 0.62% glucose (all from Invitrogen or Braun). At 3-5 days in vitro (DIV) 100 M cytosine arabinoside, 100 M uridine, and 100 M 5-fluorodeoxyuridine (Sigma-Aldrich), dissolved in culture medium, were added for 24 h. Slice cultures were maintained at 37°C and in 5% CO 2 throughout incubation. Culture medium was changed 2-3 times per week, and cultures were used for recording between 16 and 29 DIV. The genotype of all animals used for slice cultures was determined using tail biopsy and subsequent PCR analysis (2) ( Table S2 ).
Supporting Information
Paired Recordings. Slice cultures were superfused with physiological saline, containing 125 mM NaCl, 25 mM NaHCO 3 , 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , and 1 mM MgCl 2 (unless specified differently) at a flow rate of Ϸ3.5 ml min Ϫ1 . For deconvolution analysis of GC-BC EPSCs, 0.75 or 1 mM kynurenic acid was added to reduce the probability of polysynaptic events. Patch pipettes (resistance 2-5 M⍀, when filled with intracellular solution) were pulled from borosilicate glass tubing. The intracellular solution for presynaptic neurons and postsynaptic BCs contained 135 mM potassium gluconate, 20 mM KCl, 2 mM MgCl 2 , 2 mM Na 2 ATP, 0.1 mM EGTA, 10 mM Hepes, and 0.2% biocytin. The intracellular solution for postsynaptic GCs contained 110 mM KCl, 35 mM potassium gluconate, 2 mM MgCl 2 , 2 mM Na 2 ATP, 10 mM EGTA, 10 mM Hepes, 2 mM QX-314 (unless specified differently), and 0.2% biocytin (pH adjusted to 7.2 with KOH in both cases). Paired recordings were obtained from closely spaced BCs and GCs in the dentate gyrus under visual control by using infrared differential interference contrast videomicroscopy (Fig. S1 ). BCs were identified based on their fast spiking action potential (AP) phenotype, generating Ͼ50 APs during 1-s depolarizing current pulses (Fig. S1D) . Two Axopatch 200A amplifiers (Molecular Devices) were used for current-and voltage-clamp recording. Presynaptic neurons were held in current clamp (I-Clamp normal), and APs were elicited by brief current pulses of 2-to 4-ms duration and 1.2-to 1.8-nA amplitude. Stimuli were applied every 10 s (for BC-GC connections) or every 30 s (for GC-BC connections) when 50-Hz trains of 10 stimuli were used and every 5 s when single stimuli were applied. In BC-GC IPSC recordings, postsynaptic GCs were held in at Ϫ80 mV; series resistance (R s Յ 15 M⍀) was continuously monitored using 5-mV test pulses, but not compensated. In GC-BC EPSC recordings, postsynaptic BCs were held at Ϫ70 mV; series resistance (R s Յ 15 M⍀) was monitored between recordings and compensated by Ϸ85% with Ϸ35-s lag. Signals were filtered at 5 kHz and digitized at 40 kHz by using a CED 1401plus interface (Cambridge Electronic Design). Pulse generation and data acquisition were performed by using FPulse (U. Fröbe, Physiological Institute, Freiburg, Germany) running under IGOR Pro 5.04b (Wavemetrics) on a personal computer. GC-BC pairs in synaptotagmin 1-deficient mice were considered synaptically connected if a 50-Hz train of 10 APs led to a significant increase in EPSC frequency. The recording temperature was 23.8 Ϯ 0.9°C (mean Ϯ standard deviation).
Recording of Miniature EPSCs (mEPSCs) and Miniature IPSCs (mIPSCs).
mEPSCs and mIPSCs were recorded in BCs and GCs at holding potentials of Ϫ70 mV and Ϫ80 mV, respectively, in the presence of 1 M tetrodotoxin (TTX; Alomone). mEPSCs were pharmacologically isolated by bath application of 10 M bicuculline methiodide (Tocris). mIPSCs were recorded in the presence of 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris) and 20 M D-2-amino-5-phosphonopentanoic acid (D-AP5; Tocris). For all miniature PSC recordings, series resistance (R s Յ 15 M⍀) was compensated by Ϸ85% with Ϸ35-s lag.
Data Analysis. Data were analyzed with FEval (U. Fröbe) running under IGOR, custom-built functions in IGOR, or Mathematica 4 or 5 (Wolfram Research). BC-GC pairs were only included in the study if the average peak amplitude of the evoked IPSCs was Ͼ100 pA. Latency, standard deviation of latency, amplitude, 20-80% rise time, and percentage of failures of evoked PSCs were determined as described (3, 4) . If a train of stimuli was applied, analysis was performed on the first PSC. The decay time constant of PSCs was analyzed by fitting the decay of single events with a monoexponential function. Coefficient of variation and skewness were determined from PSC peak amplitudes including failures. Average traces were generated from 50 single sweeps. To quantify multiple-pulse depression of IPSCs, the amplitudes of the second and all subsequent IPSCs in the train were measured after iterative subtraction of the fitted decay phases of the preceding IPSCs (Fig. 2B) .
To determine the time course of release after a single presynaptic AP, the distribution of first quantal latencies was measured under conditions of reduced release probability ([Ca 2ϩ ] ϭ 0.5 mM and [Mg 2ϩ ] ϭ 2.5 mM for wild-type and [Ca 2ϩ ] ϭ 1.0 mM and [Mg 2ϩ ] ϭ 2.0 mM for knockout cultures) and converted into the time course of release by using the method of Barrett and Stevens (3) (4) (5) . Differences in the time course of release were examined by bootstrap procedures. One thousand artificial datasets were generated from the means and SEMs of the original dataset and analyzed as the original (6) . For deconvolution analysis, average unitary PSCs were deconvolved from average quantal PSCs, and the proportions of synchronous release, asynchronous release during the train, and asynchronous release after the train were quantified as described previously, using the mean release rate 15-20 ms after each AP to quantify asynchronous release during the train (Fig. 3F Inset) (7) . For deconvolution of GC-BC EPSCs, average quantal EPSC amplitude was multiplied by a correction factor (0.38), which was obtained as the ratio of block of spontaneous and evoked EPSCs by 0.75 mM kynurenic acid (A.M.K., unpublished data). For display purposes, release rates were filtered digitally (0.4 kHz for EPSCs, 4 kHz for IPSCs).
Quantal PSCs were detected by using a two-pass sliding template algorithm (8, 9) . Events were detected based on predefined criteria for the correlation coefficient (r crit Ն 0.8 for EPSCs and Ͼ0.85 for IPSCs). The template was specified as a function with exponential rise and decay in the first pass and as the average quantal PSC waveform in the second pass. mEPSCs and mIPSCs were detected with a similar sliding template approach, using r crit Ն 0.5 or 0.6 and a critical amplitude of a crit Ն30 pA or 20 pA, respectively. The total recording time analyzed was 600-1,000 s.
Data are given as mean Ϯ SEM. Error bars in figures also represent the SEM. Statistical significance was assessed by using nonparametric Mann-Whitney or Kruskal-Wallis tests at the significance level (P) indicated. In the figures, * corresponds to P Ͻ 0.05, ** to P Ͻ 0.01, and *** to P Ͻ 0.001.
Biocytin Staining and Immunocytochemistry. For analysis of neuron morphology after recording, slice cultures were fixed overnight in 2.5% paraformaldehyde, 1.25% glutaraldehyde, and 15% picric acid in 100 mM phosphate buffer (PB), pH 7.3. After fixation, the tissue was removed from the microporous membrane with a scalpel and treated with PB containing 1% avidinbiotinylated horseradish peroxidase complex (ABC; Vector Laboratories) and 0.1% Triton X-100 for 24 h at 4°C. Excess ABC was removed by several rinses in PB and finally in 50 mM Tris buffer (TB), before development with 0.05% 3,3Ј-diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide in TB. Subsequently, slices were rinsed in TB several times and embedded in Mowiol (Höchst).
For immunocytochemistry, slice cultures were fixed overnight in 4% paraformaldehyde in PB. After wash in PB, the tissue was removed from the microporous membrane with a scalpel and washed several times in PBS (PBS, 150 mM NaCl in 100 mM PB). Slices were further washed for 1 h in PBS containing 10% normal goat serum and then processed in PBS containing 5% normal goat serum and 0.3% Triton X-100 for 24 h at room temperature with either polyclonal antibodies for parvalbumin (PV, rabbit, 1:1,000; Swant) in combination with rhodamine red-conjugated avidin-D (Fig. S1D) or polyclonal antibodies for PV (rabbit, 1:1,000, Swant) in combination with monoclonal antibodies for calbindin (mouse D28K, 1:1000; Swant, Fig. S1B ). Secondary antibodies (goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, both at 1:500; Invitrogen) were applied with or without rhodamine red-conjugated avidin-D (1:500; Vector Laboratories), as required, in PBS containing 3% normal goat serum and 0.3% Triton X-100 for 24 h at 4°C. After wash, slices were embedded in Prolong Antifade Gold (Invitrogen). Control experiments in which the primary antibody was omitted gave consistently negative results.
Single-Cell RT-qPCR analysis. Single-cell expression analysis was performed by using reverse transcription (RT) followed by a multiplex PCR with 15 cycles and a subsequent quantitative PCR (RT-qPCR), as described (10, 11) . RT-qPCR analysis was performed on cells in either acute slices from 18-day-old rats ( Fig.  5B) or organotypic slice cultures from mice (Fig. 5C ). The internal solution contained 140 mM KCl, 5 mM Hepes, 5 mM EGTA, and 3 mM MgCl 2 (pH adjusted to 7.3 with KOH) and was autoclaved before use. Patch-clamp capillaries were heated for 4 h at 220°C before use. After determining the AP phenotype of the recorded BC or GC in the whole-cell configuration, the cytoplasm was harvested into the recording pipette. Experiments in which the gigaseal was disrupted were discarded. Pipettes were then removed from the bath solution, reimmersed, and examined microscopically. Pipettes in which debris was visible on the outer surface were rejected.
A 0.5-ml reaction tube was filled with 5 l of RT reaction buffer containing 1.6ϫ first-strand buffer, 24 mM DTT, deoxynucleotidetriphosphates (dNTPs, 1.2 mM each), 2ϫ hexanucleotide mix (Hoffman-La Roche), and 3 pmol of oligo(dT) primer. The contents of the pipette (Ϸ8 l) were then expelled into the reaction tube by continuous positive pressure (Ϸ4 bar, filtered N 2 ). At the end of the expelling procedure, the pipette tip was gently broken to completely empty the pipette by short pressure pulses. The RT reaction was then initiated by adding 100 units of SuperScript II and 20 units of RNasin (both Invitrogen). After incubation for Ͼ2 h at 37°C and 1 h at 42°C, cDNA was ethanol-precipitated in the presence of 1 g of glycogen (Ambion), 250 ng of poly(C) RNA (Amersham Biosciences), and 250 ng of poly(dC) DNA (Amersham) with 0.1 vol 3 M NaAc (pH 4.8) and 3.3 vol ethanol at Ϫ20°C overnight and a subsequent centrifugation (4°C, 20,000 ϫ g, 50 min). Supernatant was replaced by 100 l of 75% ethanol, followed by a second centrifugation (4°C, 20,000 ϫ g, 20 min). After removal of the supernatant, the cDNA pellet was dried at 45°C and resuspended in 39.6 l of sterile water (Sigma).
PCR analysis was performed in two steps, a first round of multiplex PCR, followed by a second round of specific quantitative PCRs, each with a single primer set. For the multiplex PCR, external primers spanning 225-to 423-bp fragments were designed for an optimal annealing temperature of 53°C by using PrimerExpress 2.0 software (Applied Biosystems). Five microliters of 10ϫ polymerase buffer, 25 mM MgCl 2 , 1 mM dNTPs (each), 1.5 units of AmpliTaq Gold LD (Applied Biosystems) and 1 pmol of the mixture of external primers were added to the single-cell cDNA solution and amplified the cDNA fragments during a standard temperature cycle protocol (94°C for 5 min, followed by 15 cycles with 94°C for 25 s, 53°C for 35 s, and 68°C for 40 s). qPCR and data analysis were performed as described (10), using 2 l of the multiplex PCR product as template for each qPCR. The total volume was 25 l, with 880 nM nested primer (each) and 200 nM TaqMan probe, and amplification was carried out with an ABI Prism 7000 sequence detection system (Applied Biosystems) using a default temperature cycle protocol (50°C for 2 min, 95°C for 10 min, followed by 48 cycles with 95°C for 15 s and 60°C for 1 min). Primers and TaqMan probes were designed by using PrimerExpress 2.0 software (Applied Biosystems) and selected for maximal specificity and intronoverspanning amplicons (Tables S3 and S4) . A gene was classified as nonexpressed if the fluorescence signal remained below a threshold of 0.2 units after 48 cycles.
Several control experiments were performed to validate the results of RT-qPCR analysis. Amplification efficiency of qPCR for synaptotagmins 1-15, parvalbumin, and calbindin 1 was assessed by using serial dilutions of brain cDNA (mRNA extraction with TRIzol; Invitrogen; cDNA synthesis as described for single-cell RT); efficiencies per cycle were Ϸ2.0 for all assays. Amplification efficiency with the external primers was evaluated in a standard PCR with 35 cycles on brain cDNA and subsequent analysis on a 1% agarose-TAE-gel stained with ethidium bromide.
To exclude the possibility of false-positive results, four different types of controls were performed: (i) controls in which patch pipettes were inserted into the slice at the position of a previously or subsequently recorded BC with maintained positive pressure (n ϭ 6); (ii) controls in which patch pipettes were inserted into the slice as in i, but positive pressure was reduced (n ϭ 1); (iii) controls in which patch pipettes were positioned above the slice, and bath solution was harvested by application of suction for several seconds (n ϭ 2); and (iv) controls in which cytoplasm was harvested normally, but reverse transcriptase was omitted (n ϭ 2). RT-qPCR procedures for the controls were identical to those for single-cell analysis. All controls gave consistently negative results for the entire set of genes examined in this study. Thus, synchronous release is abolished in Syt1-deficient mice. At inhibitory BC-GC synapses (Right), Syt1 and another synaptotagmin are present, either on the same individual vesicle or on different vesicles. Thus, synchronous release is maintained in Syt1-deficient mice, but release probability is reduced. (B) Spontaneous transmitter release in the absence of APs after TTX application. The T-bars indicate a postulated inhibitory effect of synaptotagmins (fusion clamp) under these conditions. At excitatory GC-BC synapses, Syt1 is the only synaptotagmin, whereas at inhibitory BC-GC synapses, Syt1 and another synaptotagmin coexist. However, the spontaneous release rate is increased at both synapses after genetic elimination of Syt1, because the alternative synaptotagmin has a weaker clamping efficiency than Syt1 (represented by the shorter arms of T-bars). a The latency was measured from the steepest point of the rising phase of the presynaptic AP to the onset of the synaptic event.
b The decay time constant was determined by fitting sweeps with a single exponential. c Events were classified as failures when the amplitude was less than two times the standard deviation of the baseline noise. d The decay phase of the time course of release (determined from the first latency distribution) was fitted with a single exponential. e Calculated as the maximum amplitude of a single exponential fitted to the decaying phase of asynchronous release after a 50-Hz train of 10 APs f The decaying phase of asynchronous release was fitted with a single exponential. g In these experiments, a 50-Hz train of 10 APs was used as stimulus. h Asynchronous release after the train was calculated starting 20 ms after the end of the presynaptic AP train. Table S3 . Sequences and location of primers used for RT-qPCR experiments in acute slices from rats 
